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ABSTRACT

The purpose of this study is to investigate the feasibility
of designing, building, and deploying a large, stable, multileg, deep
ocean cable array with a service life of at least five years, and to

assess the cost of such an array.

The study first defines the essential desirable features of the
array. It then briefly describes a number of candidate configurations
which can meet these requirements, pointing out their advantages and dis-

advantages.

The study then undertakes an array comparative stability analysis.
The Fortran computer program DESADE was used to perform this comprehen-
sive study. Current induced displacements and stress levels of simple
and complex arrays were computed using this program. The results thus
obtained greatly helped quantify their relative merit.

Based on this analysis and on the array requirements previously
defined a candidate arra7 tb selected for preliminary design. This
design essentially consists of the rational selection of type, size,
and materials for the buoys, cables, and anchors of the prototype
array. Safety factors compatible with the five years life expectancy
are confirmed by additional computer runs, using operational and
survival current conditions.

The successful deployment and practical servicing of a deep sea
implanted array require careful planning and detailed preparation. The
next phase of this study is to outline a deployment scenario, and to
indicate the different methods for servicing the array. Power sources
and methods of data retrieval are considered. Use of manned and unmanned
submersibles is contemplated.

The last phase of the study is an estimate of the cost of the pro-
totype array components.

The report concludes that such an array is feasible, that it can he
implanted with a high expectation of reliability and that it can be a
safe and stable structure from which to conduct divers novel and useful
scientific experiments.

____V -Ah _'x
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1.0 INTRODUCTION

Scientific experiments conducted in deep sea basins often re-

quire the simultaneous Eulerian acquisition of large scale (kilometers)
and small scale (meters) measurements. To cover a large frequency band,

these measurements must be made over extended periods of time (months).
To minimize noise to signal ratios, particularly when dealing with small
scale measurements, sensor motion must be as small as possible.

A practical way, perhaps the only way, to make such measurements is

to attach oceanographic sensors at various locations on a large, stable,
multileg cable structure.

To be cost-effective such a structure should be implanted for a
relatively long period. The use of recently developed mooring line

materials and power sources for underwater applications should permit a

life expectancy of five years.

Several large cable arrays have been deployed in the last decade or

so. Project Seaspider I was an early effort in which a large trimoor

structure was successfully deployed on the Blake Plateau. This project
pioneered the use of neutrally buoyant legs. Another trimoor, the
Pacific Seaspider 2 was an ambitious undertaking which developed problems

during deployment caused from rotation of a leg. Skop 3 made significant
improvements in the analytical methods used to design and predict the

behavior of such arrays. A large linear array was deployed off Bermuda
by the C. S. Draper Labs

4 . The Woods Hole Oceanographic Institutions-7

successfully deployed and recovered a large trimoor in 5400 mcter6 water
depth. Project Linear Chair 8 and the MABS system9 pioneered the use of
Kevlar cable structures in arrays.

The installation of more complex structures is now feasible. The

pioneering work over the past decade or so makes practical deployment

schemes not considered possible in the past. We now have precise surface,

subsurface and bottom navigation capabilities which can be interfaced with

a computer and a visual display unit. Both manned and unmanned submersibles

are available to do many tasks associated with an array deployment, such

as instrument and sensor attachments, electrical connections and data

readout of instruments.

Lastly, new materials such as Kevlar, provide mooring materials which

are non-corrosible and weigh only one-seventh the weight of a comparable

steel cable in water.

2.0 ARRAY REQUIREMENTS

The desirable features of a cable structure deployed in the deep

ocean for the purpose of long term oceanographic measurments are hereafter

described.

|
L
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Geographical Location

For the purpose of this report the cable array is to be
deployed in a flat bottom oceanic basin with a typical depth of 5000 to
6000 meters and away from major currents such as the Gulf Stream.
Obviously specific scientific objectives and priorities will, in the long
run determine where the cable array should be implanted.

Life

To be cost effective on one hand and to allow measurements
to be made over periods of several years on the other hand, the cable
array should have a reasonably long life expectancy. Based on the
state-of-the-art a cable structure with a service life of five years
appears quite feasible.

Size

The simultaneous measurements of oceanographic parameters
from sensors placed several kilometers apart is of considerable interest
to the scientific conmunity. Examples of studies which can be performed
using this technique are:

o Study of internal waves
o Bottom transport
o Mixing processes
o Flux measurements

o Acoustic studies

o Fine scale tomography

o Experiments in geophysics

In the vertical, the maximum dimension of the array is set by the
water depth, typically 5000 meters. The maximum horizontal distance between
two points on the array obviously depends on the array geometry. For
the candidate configurations hereafter considered this maximum dimension
varies from 5000 meters to 20,000 meters.

Versatility

By versatility we mean that the array should be able to accomo-
date, simultaneously or sequentially, a variety of scientific experiments.
Means for achieving this goal include:

o Capability for small (meters) and large (kilometers) vertical
and horizontal scaling.

o Flexibility in data acquisition nodes. The array should be
capable of supporting self recording instruments as well as
remotely powered sensors.

o Flexibility of data retrieval methods. The array should be
capable of providing real time data transmission and/or permit

easy data recovery on a periodic basis.

ii!
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Stability

As previously mentioned, reducing sensor motion to a minimum
greitly benefits the quality of the data acquired from the array. Good
stability is achieved if the geometry of the array does not change
appreciably when the array is subjected to varying oceanic currents.

Symmetry

A symmetrical geometry increases the usefulness of any array.
Symmetry can be used to advantage to duplicate scaling at different depths
and to easily monitor the three Cartesian components of certain parameters
observed. The response of symmetrical arrays is less dependent on
current direction an important consideration when deploying arrays in
areas where rotating currents are likely to occur.

Ease of Deployment

Ease of deployment and practicality of servicing will be one
of the most attractive features of any candidate configurations. To be
practical and safe the deployment scenario should make use of modern
proven techniques such as

o Bottom mounted transponder network for precise acoustic
navigation.

o Special ship propulsion and controls.
o Special deck machinery.

o Use of manned or unmanned underwater vehicles.

Servicing

Replacement of power packs, collection of data records,
replacement of sensors should be scheduled on a routine basis, say every
six months or once a year. Servicing should not require retrieval of the
main array components which shall remain installed for five years of
active life.

Special Features

Additional features of interest which have been mentioned in

the scientific community include:

o Capability of making stable measurements close to the surface.
o Directionality obtained by designing the array somewhat like

a large stable antenna.
o Possibility of using two stable arrays separated by several

hundred kilometers.

3.0 CANDIDATE CONFIGURATIONS

To initiate the feasibility study a number of array configurations
which could meet the requirements just reviewed were first established.
Their relative merit and capabilities was then qualitatively assessed.



Those worthy of further investigation were then incorporated into a
more rigorous comparative stability and structural analysis.

The candidate configurations can be classfied in the following
categories:

o Planar Arrays
o Biplanar Arrays
o Truncated Pyramids
o Cross Arrays
o Prismatic Arrays.

3.1 DESCRIPTION

Each of the categories mentioned above is hereafter des-
cribed and depicted in the accompanying figures.

Planar Arrays

The simplest array consists of two or more buoys moored
in a single plane and possibly connected to each other by horizontal
mooring lines. The horizontal legs are neutrally buoyant (or nearly so)
and provide sensor attachment points. This configuration (see Figure 1)
has intrinsic poor stability both in the normal and the longitudinal
direction. The planar array can be made any length in principle at least.
its spatial sampling capability is limited to a single plane.

Biplanar Arrays

The next simplest and more stable configuration would be
the biplanar array shown in Figure 2. This array permits measurements
to be made in two inclined planes.

Truncated Pyramids

As the name implies a truncated pyramid array is obtained
by cutting a regular pyramind with an horizontal plane located say,
500 meters below the surface. An example of such array configuration would
be the square truncated pyramid array shown in Figure 3. By connecting
the four Apex buoys to an anchor located at the center of the pyramid base,
the inverted pyramid array shown in Figure 4 is obtained.

Cross Arrays

A cross array is made of two planar arrays crossing each
other at right angles. The simplest cross array would be the five buoy
array shown in Figure 5. For improved stability the end buoys are moored
on two legs extending outward from the array.

Prismatic Arrays

Interesting array configurations can be obtained by using
variations of geometric prisms. Only two of the numerous possibilities have
been retained for presentation: the hexaprism and the octahedron. The
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hexaprism (Figure 6) is interesting because of its stability and synmetry

between opposite faces. It provides for large spatial scaling. The

octahedron (Figure 7) is the most ambitious array included in the report.

Possible sensor arrangements using the hexaprism and other configurations

are suggested on the figures.

3.2 ADVANTAGES AND DISADVANTAGES

Each array type has different characteristics such as the

number of floats, anchors,etc. The spatial sampling scales possible with
each vary markedly. Certain of the arrays are easier to deploy and

service than others. Advantages for one application may be a disadvantage
for another. In general, the cost will be proportional to the number of
elements in the array. Advantages and drawbacks specific to the array
configurations previously described are hereafter briefly reviewed.

Planar

The planar array is the simplest and the easiest to install.
Because of its open construction it can be easily inspected and serviced
by a submersible. It can however sample only in one plane. Its stability
as further evidenced in the analytical comparative study presented in
Section 4, is extremely poor.

Biplanar

The poor stability of planar arrays can be improved by
mooring the array buoys with two legs rather than one. For added
stability the end buoys can be angled out. The tent configuration thus
obtained can still be easily implanted and serviced. Because of its geo-
metry its sampling capacity is not uniform in all directions. A combination
of several tents may be of particular interest to the scientific community.

Truncated Pyramids

The "horizontal" cables connecting the apex buoys of
truncated pyramid arrays permit small and large spatial scaling in the
horizontal plan containing the apex buoys. The mooring legs provide for
variable horizontal spacing of sensors as a functlon of depth. A large
selection of horizontal and vertical sensor spacing is possible with the
inverted pyramid array.

The symmetry obtained from pyramid geometry is used to advantage to
permit orthogonal measurements to be made. Furthermore the magnitude of
current induced buoy displacements is no longer, in this class of arrays,
strongly dependent on current direction.

Because of its complexity the inverted pyramid array is difficult to
deploy and servicing by submersible may not be feasible.

Cross Arrays

Here again sensors placed on the horizontal cables connecting

the five apex buoys of a cross array can make small scale as well as large
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scale orthogonal measurements in the plane of the buoys. Mooring legs

provide additional sensor placement possibilities. The large dimension

and the symmetry of cross arrays make these arrays very versatile. Their

implantation should not be difficult but will require a great deal of

planning and sea time. They can be serviced well by submersibles.

Prismatic Arrays

As mentioned earlier, the prismatic arrays can combine
the best and the worst of both worlds. On one hand they provide for a great
deal of scientific versatility offering, particularly the octahedron

configuration, a large choice of horizontal and vertical sensor spacing.
On the other hand they require a large number of components, and/or
are extremely difficult to install. These two factors certainly would
reflect on their cost. For these reasons these arrays do not appear to
be practical nor feasible and they have not been retained for further
consideration.

A detailed analysis of several versions of all other array con-
figurations follows.

4.0 COMPARATIVE STABILITY AND STRUCTURAL ANALYSIS

4.1 METHOD OF ANALYSIS

The Fortran program DESADE was used to compute the geometry,
the stresses, and the current induced displacements of a number of
structural cable arrays. This program was written by R. A. SkopI0 and
J. Mark of the Naval Research Laboratory, Washington, D.C. (1973).

To gain familiarity with the program capabilities and limitations,
cable arrays of simple geometry were first considered. These basic arrays

included:

o Single point moored
o Bimoor
o Trimoor
o 4 leg mooring
o Planar C (2 buoys)
o Planar E (3 buoys)
o Planar EX (3 buoys)

It was felt that considerable insight would be gained by first studying
arrays of simple geometry. Such a study would reveal trends useful for
the better understanding of more complex arrays. Results of this preliminary
and indeed enlightening study are reviewed in Section 4.4 "Case Studies".

More complex arrays, some of them designed to take advantage of the
good features apparent from this preliminary study, were then analyzed,
again with the help of DESADE. These medium complexity arrays included:

__ _ _ _ _ _ _ . . ..
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o Biplanar "Tent"

o Biplanar "Supertent"
o Truncated Trimoor
o Truncated Square Pyramid
o Cross Array I

o Cross Array 11

The inverted square pyramid array shown in Figure 4 has interesting features.

It could be quite stable and versatile. Its complexity and particular
geometry made its analysis difficult. Computer runs with different values
of cable lengths, weight, and elasticity were made but none of them could
converge within the accuracy prescribed for the previous configurations.
Given the cost of these runs, the scope of this report, and the practical
difficulty of deploying such an array, no further attempts were made at

obtaining a convergent run.

The analysis essentially consisted in subjecting the arrays to the
same current profile and obtaining the displacements from the no current
equilibrium condition. The current profile was applied first in the
direction of the "X" axis, and then at various angles from the "X" axis
thus establishing the "worst current" condition. Array responses to these
currents were established for various degrees of cable elasticity.

4.2 CURRENT PROFILES

The deep ocean basins of the world can generally bc
characterized as having flat topographical features; the water depth
is 5000 to 6000 meters deep and current features are generally baroclinic
in nature. It has been observed in many ocean basins that occasional
large-scale intrusions of water masses in the form of large eddies occiir.
The velocities associated with these eddies can be high and sometimes have
a large vertical scale.

For purposes of design and to quantify the array motions resulting
from currents, two current profiles were used and are shown in Figure 8.
The profile of current vs depth called "operational" is that current
which persists most of the time. The second, the "survival" profile is
double the operational and is used to determine the maximum stresses and
deflections of an array. Current direction in both cases is considered
planar.

4.3 MAIN COMPONENTS OF CANDIDATE ARRAYS

For the purpose of this comparative analysis the number of

array components was kept to the minimun required by the array geometry.
All buoys were assumed to be spherical. All cables were assumed to have

the same diameter (0.65 inches) and the same immersed weight (-0.05 lb/foot).
No discrete devices (buoyancy elements, instruments, etc .... ) were to he
incorporated in the array analysis. To permit a certain degree of stability

comparison between arrays, the buoyancy of the buoys was adjusted to yield
approximately the same buoyancy to cable weight ratio for the different
arrays to be compared. Buoyancy thus used ranged from a low value of
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5000 lbs to a high value of 20,000 lbs. To enhance the comparison arrays
were analyzed either as rigid (no cable elasticity at all) or as very
compliant (modulus of elasticity of cable E = 5x10 5 which would be typical
of nylon. All runs were performed with the "operational" current profile.
Results from these runs are hereafter reviewed.

4.4 CASE STUDIES

SINGLE POINT MOOR

Single point moors (Figure 9) have the advantages of
simplicity and low cost. They can be aesigned to undergo relatively

small displacements. Several single point moors can be, and often have been,
combined to form oceanic arrays of large horizontal scaling. Current induced
displacements of a 5000 lbs and a 10,000 lb buoy moored with a rigid first,
then a compliant five kilometers long mooring line were computed. Results
are as tabulated below.

SINGLE POINT MOOR

Modulus of Buoyancy of X Z TOTAL
Elasticity Buoy Disp Disp Disp

(psi) (lbs) (meters) (meters) (meters)
E = o 5000 205.43 -4.88 205.49
E 5x10 5  5000 237.73 -6.10 237.82
E = 1 10000 99.97 -1.1 99.98
E = 5x10 1 10000 134.38 -1.83 134.39

These values provide a basis for comparing the displacement
of other arrays.

BIMOOR

The next simplest array is one having one buoy and two
mooring lines, as shown in Figure 10. When compared to a single moored
buoy, one would expect the motion of a bimoor buoy to be considerably less
when the current flows in the plane of the bimoor and as large or larger
when the current flows normal to that plane.

To quantify this assertion computations were made of the displact-
ments of two bimoors, one with a 5000 lb buoy and one with a 10,000 1b
buoy. The results are hereafter tabulated.

-6!
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BIMOOR 1 (5000 lbs Buoyancy)

Modulus Current X Y z TOTAL
of Angle Disp Disp Disp Disp

Elasticity from X axis*

(psi) (degrees) (meters) (meters) (meters) (meters)
5xlO 5  0 3.66 3.66

15 3.35 150.26 -2.44 150.28

30 3.35 303.87 -10.06 304.18
45 3.05 452.61 -22.25 453.22
60 2.13 579.70 -36.57 580.62
75 1.52 664.43 -48.77 665.96

90 694.0 -53.34 695.82
Average. 407.7 m

* The X axis is assumed to be in the plane of the bimoor.

BIMOOR II (10,000 lbs Buoyancy)

Modulus Current X Y Z TOTAL

of Angle Disp Disp Disp Disp
Elasticity from X axis

(psi) (degrees) (meters) (meters) (meters) (meters)

E = 0 0 10.06 10.06

15 10.27 79.85 -1.0 80.46
30 9.94 162.45 -3.05 162.76
45 8.53 245.96 -6.10 246.27
60 6.40 319.41 -10.36 319.72
75 3.66 370.01 -14.02 370.31
80 388.6 -15.54 388.91

Average = 225.5m

The conclusions that can be drawn from these results are:

The bimoor array performs better than the single point moor as
long as the current flows within 20 degrees or so from the plane
of the undisturbed bimoor. Thereafter as the current becomes
more and more normal to that plane the buoy keeps on moving
downstream, sinking further and further. With the current at
900 from the X axis, the 5000 lb buoy of a compliant bimoor has

sunk to a depth nine times greater than the depth of a similar
single point moored buoy and has experienced a total displacement
three times as big. Adding a second leg is clearly detrimental

unless the current is more or less flowing in the plane of the

two legs.

I
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Doubling the buoyancy considerably reduces the dip and dis-
placement of the compliant bimoor. With 10,000 lbs buoyancy
the maximum dip and total displacement of the buoy are 3.4
and 1.8 times smaller.

Increasing the rigidity, or stiffness of the mooring legs has
a lesser effect on the bimoor stability. it can be seen from
the results that the maximum displacement of a 10,000 lb rigid
bimoor (277.05 m) is only 29% less than the maximum displace-
ment of the compliant one (388.91 m).

TRIMOOR

The trimoor (Figure ll)is stilla relatively simple buoy system
with one buoy and three equally spaced anchoring lines, was considered
next. By using three legs instead of two one would expect the apex
displacement to be much less dependent on current direction.

To again quantify this motion two identical trimoors with buoyancy
(f 5000 and 10,000 lbs respectively were subjected to the operational

current profile. The current angle of attack was increased by steps of
15 degrees from 0 to 90 degrees thus covering all possible non-repetitive

mooring responses (Figure 12). Based on preceding studies (Reference 7 ),
the angle between the mooring legs and the horizontal sea floor was
chosen to be 54 degrees. The two cases were analyzed assuming the mooring
legs to be compliant (E = 5xi0 5 ). Results of these runs are hereafter
tabulated.

TRIMOOR I - (5000 lbs Buoyancy)

Current X Y Z TOTAL
Angle Disp Disp Disp Disp

from X axis
(degrees) (meters) (meters) (meters) (meters)

0 72.23 -4.57 -11.28 73.15
15 65.63 15.24 - 9.14 67.66
30 56.69 33.22 - 8.23 66.14
45 45.72 40.84 - 9.14 61.87

60 32.61 64.92 -11.89 73.45
75 17.37 76.50 -14.32 79.55
90 81.07 -15.54 82.29

Average = 72.01 m
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TRIMOOR 11 - (10,000 lbs Buoyancy)
(E = 5x105 psi)

Current X Y Z TOTAL.
Angle Disp Disp Disp Disp

from X axis
(degrees) (meters) (meters) (meters) (meters)

0 38.1 1.0 -1.0 38.15

15 36.88 11.28 .61 38.56
30 33.53 20.12 - .61 39.10
45 27.74 27.43 -_.61 39.01

60 20.12 32.92 -1.22 38.71

75 10.67 36.27 -1.52 37.79

90 - 37.18 -1.52 37.18
Average = 38.36 m

These interesting results show the following:

The trimoor is remarkably more stable than the single point
moor or the bimoor. The average displacement of the 5000 lbs
trimoor is found to be 72.01 meters, as compared to 237.82
meters for the single point moor and 222.5 meters for th. bimoor.

To a first approximation at least, the total displacenwnt of Lhe
trimoor apex is indeed independent of the current dir,-ction
This fact is emphasized by the polar diagram shown in Figure 13
which gives the total displacement of the 10,000 1b bimoor and
of the 10,000 lb trimoor as a function of current direction.

As evidenced by the results obtained for the 5000 lb case, the
worst current case is obtained with the current at 90 degrees

from the X axis. In this particular instance two legs of the
mooring are upstream whereas the third one is downstream and
entirely in the direction of the current. The minimum dis-

placement is achieved at a current angle of 45 degrees. Minimum
dip, however, is obtained with the current at 30 degrees from
the X axis.

Increasing the buoyancy of the apex buoy to 10,000 lbs reduces

the average displacement of the trimoor apex to almost one-half
its value with the 5000 lb buoy.

The good features revealed by this rather succinct trimoor analysis
were later incorporated in the "supertent" and the truncated trimoor array

configurations.

4 LEG MOORING (Figure 14)

To investigate the gain in stability which could be obtained
by adding one more anchoring line, a 4 leg mooring with a buoyancy of
20,000 lbs was analyzed. The mooring legs were compliant and made a 54
degree angle with the sea floor. Current directions considered were at zero

-AI
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and 45 degrees from the X axis. Computation results are as shown hereafter.

4 LEG MOORING

(E = 5xlO5 psi)

Current X Y X TOTAL
Angle Disp Disp Disp Disp

from X axis
(degrees) (meters) (meters) (meters) (meters)

0 41.15 -.33 41.15
- 45 28.95 28.95 -.36 41.75

These results indicate that despite a considerable increase in buoyancy of
the apex buoy, the displacement remains essentially the same as the one
experienced by the 10,000 lb buoy of the compliant trimoor. On the other
hand, ani as expected, the response of a four leg mooring appears to be
quit' independent of current direction.

Dlue to its complexity and related increased cost, the 4 leg mooring
was not retained as a good building block to use in the construction of
mort- complex cable arrays.

PlANAR ARRAYS

Planar arrays can be defined as cable structures entircly
contained in one plan when not subjected to current action. Inasmuch as
complex arrays may well incorporate horizontal or nearly horizontal cabl.
members it seemed reasonable to first investigate the effects that such
cables have on the stability of simpler arrays. To this end three types -

the "C", the "E", and the "EX" - were studied.

A "C" array can be described as one having two buoys, each with a

vertical anchoring line and both connected by a third, nearly neutrally

buoyant, cable. All three legs being approximately of equal length the
array geometry somewhat reproduces a letter "C". Such an array is
shown in Figure 15. An "E" array, shown in Figure 16,has three buoys,
three vertical anchoring lines and two horizontal legs In the "EX"
array (Figure 17), the anchoring lines of the first and last buoy are
"extended" or angled out to provide for more stability in the plan of th,
array.

For the analysis of these arrays the following conmon assumption;
were made.

o All buoys had a 10,000 lb buoyancy
o All cables were considered rigid first and then compliant,

Dimensions as shown on Figures.
o Two current directions were used: in the plan of the array

and then normal to the plan of the array.
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Computation results are hereafter tabulated.

"C" ARRAY

Current BUOY # X Y Z TOTAL

Angle Disp Disp Disp Disp
from X axis

(Degrees) _ (meters) (meters) (meters) (meters)
0 1 95.09 -1.52 5.10

2 95.09 -0.31 95.10
90 1 220.35 297.17 -14.93 370.01

_ _2 -220.36 297.25 -14.93 370.01

E = 5x10 5 psi

0 1 158.67 _ _ - 8.96 158.92
2 164.74 4.]1 164.79

90 1 24.2 341.05 -10.87 342.08

2 -24.2 340.96 -10.87 341.99

"E" ARRAY
E = 00

Current BUOY # X Y Z TOTAL
Angle Disp Disp Disp Disp

from X axis
(Degrees) (meters) (meters) (meters) (meters)

0 1 109.72 -8.84 110.03
2 113.38 -1.22 113.40

3 112.47 +6.4 112.65
90 1 23.16 272.78 -9.14 273.7

2 384.03 -14.93 384-33

3 -23.16 272.78 -9.14 273.7

E = 5x10
5

0 1 153.24 -11.31 153.65

2 163.46 -2.9 -'.3.48

3 157.24 6.37 157.36
90 1 52.27 382.54 -16.31 386.43

2 "j 587.84 -29.93 588.60

3 -52.27 1 382.99 -16.15 1 386.87
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"EX" ARRAY

Current BUOY # X Y z TOTAL
Angle Disp Disp Disp Disp

from X axis
(Degrees) (meters) krneters) (meters) (meters-)

0 1 39.01 -40.84 56.39

2 39.01 39.01

1 3 39.01 40.0 55.78

90 1 2.44 422.43 -20.73 422.7 3

2 474.25 -22.86 474.86
3 1 -2.44 1 422.13 -20.73 422.74

E = 5xlO
5

0 1 95.89 -77.23 123.12
2 103.51 - 1.23 103.52

3 95.64 75.31 121.73
90 1 3.26 655.2 -39.1 656.37

2 661.75 -40.44 662.98

3 -3.28 655.2 -39.1 656.37

From these results the following conclusions can be drawn:

Considering first the response of the planar arrays when the current
is flowing in the X direction one may note that the downstream
displacements of the two buoys of the "C" array and of the three

buoys of the "E" array are approximately equal. Furthermore this
displacement is at least one order of magnitude larger than the
depth changes.

Because of its geometry the "EX" array deformation in the X dir-
ection is found to be quite different. The X displacements are
xeduced to between one-third and one-half of those experienced

by the "C" and "E" arrays. Furthermore the upstream buoy sinks
by an amount approximately equal to its downstream excursion,

the downstream buoy raises by an equal amount whereas the depth
of the center buoy does not practically change. In a way the 'TX"
array undergoes the largest linear distortion.

Considering next the response of the planar arrays when the current
is flowing normal to the plan of the array, it is interestIng to
see that the downstream displacements in the Y direction are
from two to three times as large as those experienced In the X
direction by the buoys of the "C" and "E" array.

Being longer the "EX" array experiences more normal drag forces
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and thus moves downstream even more. The Y motion of its buoy
is from six to ten times greater than the X motion.

In the three arrays the Y displacement is larger than the dip by
again an order of magnitude. The middle buoy of the "E" and "EX"
arrays is the one experiencing the largest Y displacement.

Comparing the response of the planar arrays to the response of the

single buoy arrays previously described brings about the following remarks:

- With the current in the X direction the maximum downstream motion

of the 10,000 lb buoys of a compliant single point moor, bimoor,
trimoor, "C" array, '" array, and "EX" array, are respectively:
134, 10, 38 165, 163, and 39 meters.

- With the current in the Y direction the same maximum displacements
are now: 134, 389, 37, 341, 588 and 662 meters.

These numbers drastically point out the detrimental effect on stability
introduced by horizontal cable members. They clearly show how poor planar
arrays are with the exception of the "EX" array when acted on by currents
in the X _..ection. Perhaps the combination of two "EX" arrays normal to each
other (Cross Array I) constitutes a compromise worthy of further investigation.

BIPIANAR ARRAYS

Biplanar arrays were studied next. The first, in the shape
of a tent as shown in Figure 18, consisted of three buoys connected by two
horizontal cable members and each moored by two anchoring lines. The legs
of the two end buoys were angled outwards to better resist the current
flowing in the X direction. With the current flowing in the Y direction
array stability was insured by the three upstream legs. The buoyancy of each

of the three buoys was set at 10,000 lbs. Results obtained with rigid and
compliant leg material are presented hereafter.
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"TENT" ARRAY
E= D

Current BUOY # X Y Z TOTAL
Angle Disp Disp Disp Disp

from X axis
(Degrees) (meters) (meters) (meters) (meters)

0 1 207.25 -92.96 227.06

2 206.34 - 5.18 206.34

1 3 206.34 81.38 221.58

90 1 13.41 .91 - 5.79 14.63
2 _- .61 .61

3 -13.41 .90 - 5.79 14.63

E = 5x10 5

0 1 274 -110.03 295.03

2 277.05 -8.53 277.35
3 276.14 93.57 291.37

90 1 19.81 69.8 -7.31 72.84
2 89.3 89.3

3 -19.81 69.49 -7.31 72.54

These results show that the pattern of buoy displacement in the X direction
is similar to the one previously obtained for the planar three buoy array.
All three buoys move downstream roughly an equal amount, the upstream buoy
sinks, the middle one also sinks but to a much lesser extent, and the
downstream buoy rises towards the surface. Surprisingly the X displacements
experienced by the buoys of the "tent" array are much larger than those of
the "EX" array.

With the current flowing in the Y direction, the "tent" array naturally
performs much better than the planar arrays. As an example, the maximum
downstream motion experienced by the middle buoy of the compliant
array is found to be seven times smaller than the one experienced by the
same buoy of the "EX" array. Finally, with displacements in the X direction
at least four times as large as in the Y direction the "tent" array seems
highly sensible to current direction.

Using a trimoor rather than a bimoor to anchor the end buoys of a
"tent" array should result in a much improved array stability. To verify
and quantify this reasoning the displacements of the array depicted in
Figure 19 were obtained, the mooring being assumed compliant. As evidenced
by the results tabulated below, buoy displacements were considerably
reduced, hence the name "supertent" given to this configuration.

it ,
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SUPERTENT ARRAY
E = 5x10

5

Current BUOY # X Y Z TOTAL
Angle Disp Disp Disp Disp

from X axis
(Degrees) (meters) (meters) (meters) (meters)

0 1 50.69 2.04 50.9
2 90.37 -0.70 90.52

3 53.12 -2.62 53.34
90 1 23.26 80.55 83.82

2 89.67 -0.21 89.91

3 -21.94 82.84 -0.09 85.64

The good features evidenced by these numbers include:

o Reduction of the X displacement of buoys #1 and #3 by a factor of

5 and of buoy #2 by a factor of three.

o Considerably less sensibility to current direction.

TRUNCATED PYRAMIDS

Truncated regular pyramids of triangular and square cross sections
were considered next. Such arrays are depicted in Figure 20 and Figure 21.
In these configurations the buoys are connected by nearly buoyant and
horizontal cables each five kilometers long. These cables provide the
necessary sensor support for large and small scale measurements made in the
horizontal plane containing the apex buoys. The arrays are kept symmetrical
to provide for better stability.

Four study cases were made of these two array configurations. These
study cases had the following main features:

o Triangular pyramid. Rigid. All buoys 10,000 lbs buoyancy.
Current at 0, 30, 60 and 90 degrees from the X axis.

o Triangular pyramid. Compliant. All buoys 10,000 lbs. Current
as in preceding case.

o Square pyramid. Rigid. All buoys 10,000 lbs. Current at 0
and 45 degrees from the X axis.

o Square pyramid. Compliant. All buoys 15,000 lbs. Current as

in preceding case

Results from these four study cases are hereafter tabulated.

'I
_ _
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TRUNCATED TRIANGULAR PYRAMID ARRAY

Current BUOY # X Y Z TOTAL
Angle Disp Disp Disp Disp

from X axis
(Degrees) (meters) (meters) (meter) (meters)

0 1 160.01 -143.86 214.87
2 152.30 129.23 199.63

3 165.5 -7.31 -11.28 165.8

30 1 135.63 76.02 -162.15 225.24
2 130.45 84.73 67.36 169.96
3 138.07 70.71 67.66 169.46

60 1 80.46 138.07 -143.86 214.87
2 76.5 146.3 - 10.36 165.19
3 74.37 133.19 129.84 200.24

90 1 2.13 156.96 -84.12 177.99
2 2.13 156.96 -84.12 177.99
3 150.26 146.3 209.69

TRUNCATED TRIANGULAR PYRAMID ARRAY
E = 5x10

5

Current BUOY # X Y z TOTAL

Angle Disp Disp Disp Disp
from X axis
(Degrees) (meters) (meters) (meters) (meters)

0 1 313.01 -11.58 -189.58 366.05
2 304.18 5.85 169.48 348.06
3 339.23 -14.43 -24.08 340.14

30 1 254.19 146.91 -206.64 348.73
2 259.98 172.81 84.73 323.38

3 300.82 138.98 84.43 323.07
60 1 146.30 277.05 -189.58 366.05

2 156.96 300.52 -23.47 339.84

3 156.96 260.90 169.31 348.06
90 1 - 4.57 326.12 -121.61 348.06

2 4.57 326.12 -121.61 348.06
3 297.47 195.06 355.68
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TRUNCATED SQUARE PYRAMID ARRAY
E =

Current BUOY I X Y T(Y 'A 1
Angle Disp Disp DIsp D]S),

trom X axis

(Degrees) (meters) (meters) (meters) (meters)

0 1 179.21 1.52 -135.32 224.32
2 172.81 -1.52 117.34 208.78

3 179.21 3.66 -135.32 224.32

4 172.81 -3.66 117.65 208.80
45 1 96.92 96.92 -143.86 188.42

2 94.48 106.07 -10.67 142.33
3 106.07 94.18 -10.67 142.33
4 101.08 101.8 142,64 202.38

E = 5x0 5

0 1 286.08 -3.05 -128.62 314.23
2 283.45 6.71 112.77 305.09

3 286.05 3.35 -128.92 313.93

4 283.15 -6.71 112.17 309.79

45 1 161.84 161.84 -144.47 270.34

2 166.41 176.47 -10.06 242.91

3 175.86 166.41 -10.06 242.61

4 166.91 166.41 138.68 273.09

Conclusions that can be drawn from this extensive set of data are as follows:

* As evidenced in the two runs obtained for the triangular pyramid
array it appears that the three apex buoys undergo sensibly the
same amount of displacement irrelatively of current direction.

'io be specific, in the rigid case, of all buoy displacements

computed the largest one is found to be only 26.4% larger than tile
smallest one. This percentage reduces to 11.757 in the compliant

case. It thus appears that the triangular array is reasonahly

omnidirectional.

0 As far as the square pyramid is concerned, the same conmment
applies but to a lesser extent. The apex buoys undergo the largest
displacements when the current is in the X direction. Deflections

for the rigid array are then 36% larger than those obtained when

the current is at 45 degrees.

* When comparing the rigid triangular array with the rigid square
array, both having 10,000 lb buoys, one notes with interest that

the displacements obtained are practically the same. As a matter
of fact the mean displacement of the buoys is found to be 190.5

and 193.7 meters respectively.

...iii llI I I
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When comparing the 15,000 lb compliant square array with the

10,000 lb Compliant triangular one finds that the mean
displacement ,f the triangular array (346.84 meters) is only

lh.27V larger than the mean displacement of the square array
(283.45 meters). Thus it beems that the large 507, increase in

buoyancy of the square array buoys does not produce a considerably

more stable array. These two last comments point out that unless

a tourth horizontal leg is required, the triangular array being

simpler would be the configuration to favor.

Figure 22 depicts the distortions experienced by the square pyramid array
while subjected to the operational current flowing in the X direction.

CROSS ARRAYS

As the name suggests, cross arrays are made of simpler arrays

intersecting each other at right angles. Such arrays permit the implantation

of long lengths of horizontal cables. Being of synnetrical geometry their

stability should be reasonably free of current orientation effects. Two

cross arrays were considered in this last case study. Cross Array I shown in

Figure 23, is made of two "EX" arrays crossing each other at right angles.

In Cross Array 11, Figure 24, the end buoys are moored with two legs rather

than one. These two legs have the same dimenstion and orientation as the

end Il egs of the "tent" array.

'The two cross arrays have five buoys each. All five buoys are

assumed to have 10,000 lbs of buoyancy each. Again the current induced

deflections are computed for rigid and compliant cable materials, and for

currents flowing at 0 and 45 degrees from the X axis. Results are presented

in the tables below.
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CROSS ARRAY I

Current BUOY # X Y Z TOTAL

Angle Disp Disp Disp Disp

from X axis

(Degrees) (meters) (meters) meters' (meters)

0 1 149.95 -158.18 217.92

2 149.95 -1.89 149.96

3 145.38 145.08 205.12
4 273.09 -3.54 -12.19 273.39

5 273.09 3.54 -12.19 273.39

45 1 88.08 141.12 -93.87 190.8

2 87.78 87.78 -1.52 124.05

3 84.43 162.76 82.6 200.85
4 162.96 84.46 82.6 200.85

5 141.12 88.08 -93.87 190.8

E - 5x10
5

0 1 289.85 -222.49 365.13

2 327.34 -11.89 327.64

3 285.89 204.79 351.42

4 501.68 -5.18 -24.69 502.29

5 501.68 5.18 -24.69 502.29

45 ... 1 173.12 274.31 -137.76 352.33

2 193.23 193.23 -9.14 273.39
3 168.55 299.91 114.9 362.69
4 299.91 168.55 114.9 362.69
5 274.31 173.12 -137.76 352.33
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CROSS ARRAY 11
E = 00

Current BUOY # X Y Z TOTAl,
Angle I)isp Disp Disp Disp

from X axis
(Degrees) (meters) (mete meters) (meters)

0 1 249.01 -112.47 273.90

2 250.84 -7.01 250.86
3 247.18 96.31 265.16

4 -17.68 -7.31 19.2

5 +17.68 -7.31 19.2
45 1 155.14 -68.27 169.46

2 151.48 151.78 -5.18 214.26
3 143.25 57.91 154.22
4 143.55 57.91 154.53

5 155.14 -68.27 -169.46

E 5xlO
5

0 1 350.5 -142.03 377.93

2 361.17 -13.41 116.43

3 352.64 116.43 371.23
4 81.99 -25.6 -9.45 86.25

5 81.99 25.6 -9.45 86.25

45 1 220.05 46.33 -85.64 240.48
2 218.23 218.23 -10.36 308.75

3 205.12 53.34 70.1 223.1
4 52.12 205.73 70.41 223.41

5 46.94 220.05 -85.95 240.78

Based on the results the following comments may be formulated.

o Considering first the response of the cross arrays to the current
flowing in the X direction, one may note that in either array

buoys 1, 2 and 3, which are in line with the current, move down-
stream an equal amount. On the other hand the end buoys (buoys
4 and 5) of Cross Array I which have only one anchoring line,

move downstream as much as 14 times more than the end buoys of
Cross Array IT. Furthermore depth changes experienced by the

buoys of Cross Array I are found to be approximately twice as
large as those of Cross Array 11. Thus it seems that Cross

Array I is much more distorted than Cross Array iI.
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" When the current flows at 45 degrees from the X axis thu two
arrays respond quite differently. In the simpler array the
displacement of the four corner buoys is found to be larger
than the displacement of the center buoy. In Cross Array 11
the reverse situation prevails. The center buoy moves more
than the corner buoys and also more than the center buoy of the
first array.

" When comparing the response in the X direction of Cross Array I
with the "EX" array, it is interesting to note that the down-
stream excursion of the three buoys in line with the current
follow the same pattern in either case. However the displacements
of buoys 1, 2 and 3 of Cros-; Array I are much larger than those
experienced by the buoys of the "EX" array.

" When comparing the response in the X direction of Cross Array 11
with the "tent" array, a similar pattern of displacement is
again noted for buoys 1, 2 and 3. However the magnitude of
these displacements is almost the same for both arrays. The
resulting distortion is depicted in the transparency superimposed
on Figure 24.

" The mean displacement of the five buoys of Cross Array I and I I
arLc as shown in the following table.

Mean Displacement (meters)
Cross Array Cable Current (9 Current (q

Elasticity 0 degrees 45 degrees
__from X from X

I Rigid 224.02 181.35
__Compliant 409.63 340.14

II Rigid 165.5 172.39

_Compliant 256.63 247.18

This table points out clearly that Cross Array I] has smaller and more
evenly distributed mean displacements. This probably makes it a better
array than Cross Array I.

4.5 DISCUSSION OF RESULTS - SELECTION OF CANDIDATE PROTOTYPE ARRAY

The case studies just completed have placed emphasis on
array stability. Motions of apex buoys have been computed and an attempt
at comparing the stability of different arrays sharing common structural
specifications has been made.

Criteria to strictly define stability are subjective. For some total
displacement would be the main concern. Others may want to minimize vertical
displacements only. Others still may be concerned with linear or planar
distortion of the array.

As another criterion for comparing array stability the mean of the
total displacements experienced by the buoys of the more interesting arrays
just analyzed has been computed. These results, which all apply to compliant
case studies, are tabulated hereafter.I
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Type of Array Mean Total Displacement
of Buoys in Array(meters)

Trimoor 38.36

Tent Array 183.07
Supertent Array 75.69
Truncated Triangular Pyramid 346.26

Truncated Square Pyramid 284.0

Cross Array 1 375.16

Cross Array Il 227.46

Based on this averaging process, and with the exception of the trimoor,
the supertent array clearly stands out as the most stable.

However criteria other than stability must also be considered when
selecting an array configuration. A "good" array should not only be stable
but it should also certainly have the desirable features mentioned below:

o Allow for close as well as large spacing of instruments.

o Allow measurements to be made orthogonally.

o Respond independently of current direction.

o Be of relative simplicity to permit ease of analysis, design,
deployment and servicing.

The supertent array, in the configuration presented, is not as
versatile as other configurations. It is of relative complexity. It has
only two horizontal cable members and eight anchoring lines. It has no
orthogonal symmetry.

A combination of two supertents could however constitute an excellent
array. They could be placed at right angles to each other. Or two

supertents could be placed say one or two hundred kilometers apart.

The Cross II Array seems to embody many desirable features in its
design and performances. It may not be the ultimate array, but it has
excellent scientific potential, it has the best stability of all other two-
dimensional configurations considered, it is not too complex, and it can
be deployed. It thus offers a good working compromise. The Cross I will
be studied further.

The design and deployment scenario of the Cross Array I as outlined
in the following sections are typical of the design procedure and deploy-
ment techniques that similar complicated arrays require to be successfully
implanted.

5.0 DESIGN OF PROTOTYPE ARRAY

The main components of any deep sea structure are the buoys,
the anchors, and the cables connecting them. The design of Cross Array II
therefore will essentially consist in selecting the shape, size, and
materials that these components should have to provide the structural
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stability and integrity required over the desired life.

To be both successful and reasonable the design must first consider
the following:

o Environmental loads, including survival conditions.

o Environmental factors of deterioration.

o Related experience and state-of-the-art.

o Availability of materials.

o Cost effectiveness.

These general conditions, as they apply to the array main components,
are hereafter reviewed.

5.1 GENERAL DESIGN CONSIDERATIONS

5.1.1 BUOYS

Spheres are known to best resist hydrostatic pressure.
The drag of spheres is well established, is independent of current
orientation and relatively low. Spheres are a very effective float shape,
and for this reason all buoys of the array will be assumed spherical.

Under no current conditions the buoys are at a nominal depth of
500 meters below the surface. With current application these buoys are
deflected, some sinking more than others, the amount depending on the
buoyancy of the buoy, the current direction and intensity, and the type of
cable used. For design purposes the buoys should be strong enough to
resist, with a sufficient safety margin, the external pressure reached
under worst case conditions.

To provide a basis for buoy selection, three candidate materials were
investigated: HY80 steel, 7075T6 aluminum, and 32 lb/cu.ft syntactic foam.
Using these commonly available materials, the size, air weight, and
approximate cost were established for buoys providing 5000, 10,000, and
20,000 pounds of buoyancy at a depth of 1500 meters - three times 1he n,-
current implantation depth. These figures are hereafter presented in
Table 1, "Comparative Table of Buoy Parameters".

5.1.2 MOORING LINES

Mooring lines in a deep-sea array can be subjected to
corrosion, fouling, fishbite, abrasion, and creep. In order to have a life
of five years in the ocean a very careful choice must be made to prevent
damage and consequent degradation from these causes. Ideally mooring lines
and interconnecting cables used in an array of this type should have a
large strength-to-weight ratio to minimize the buoyancy requirements.

The rope diameter should be small to reduce hydrodynamic drag. The
rope should be protected from sea water corrosion and from attacks by fish
and fouling organisms. The rope material should have low elastic stretch
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and low and predictable creep characteristics. It should not be subject
to internal abrasion or fretting. Electrical performance of the p,,wer
and signal carrying cables should also be carefully considered.

CORROSION

Many of the mooring lines and interconnecting cables must
pass electrical signals which will require copper conductors. The low
yield strength of copper will necessitate a high strength/modulus material
be incorporated into the construction. Normally steel wires are laid in

two or more layers contra-helically to provide high strength and torque
balance. 'to reduce corrosion these wires are coated with a heavy layer of
zinc. Often a polyethylene or urethane jacket is extruded around the whole
cable. Such cables have lasted many years in the ocean, particularly when
laying on the bottom.

The large weight is a disadvantage to this construction for an array
application. High strength synthetic materials are now available which can
replace the steel wire in such a cable. Aramid fibers have been substituted
for the steel wires with excellent results providing lighter smaller cables
which do not corrode.

- FISIIBITE, FOULING

11

Sufficient evidence exists to rccognize a potential threat
of damage to lines in the ocean from certain fish including sharks. 'Th1is
threat is present in all oceans between 41°N and 410 S of latitude. Damage
has not been recorded deeper than 2050 meters. Cable constructions using
outer armor wires of steel resist attack best. Suppression of strumling
also seems to reduce incidence of attack. Synthetic materials, particularly
when under tension, can be quite susceptible to damage. Synthetic lines,
however, can be protected from fishbite by extrusion of very hard plastic
jackets over the lines. DuPont's ZYTEL ST801with a durometer of 60 is
one such plastic which shows great fishbite protection potential.

Fouling by marine organisms does not appear to be a significant
problem below the photic zone or about 200 meters. Inasmuch as the top of
the array is well below this depth it will not be further considered.

- ABRASION

The cable should be constructed so that it will not be
damaged while handling it during installation of the array. A tough plastic
jacket will considerably reduce external abrasion. Special techniques should
be employed to prevent internal abrasion damage when using a rope constructed
of high-modulus synthetic yarns such as aramid fibers. Special lubricants
and coatings are effective in this regard.

- STRETCH

A cable under tension will be subject to elastic stretch
and creep. Elastic stretch is recoverable, i.e. it will return to its
original length when the tension is removed whereas creep is permanent and

[I
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generally time dependent. If electrical or light signals are to be sent
through the cable beth elasticity and creep must be small and predictable.
High modulus materials must be used whose characteristics are compatible
with the allowable strain in the conductors.

CANDIDATE MOORING LINES

Based on the previous consideration and within the state-
Of-the-art only a few cable materials and cable c(onstructions can be con-
sidered practical for deep sea array applications. They include:

o 3x19 plastic jacketed, torque balanced galvanized wire rope.
Having no conductors, this rope is used strictly as a moring line.
It will resist fish bites. Its reliability has been amply
demonstrated. However its use would require additional buoyancy
distributed along its length.

0 Steel armored torque balanced electromechanical cable. Probably
best used as a conducting cable deployed on the sea floor to
convey power and signals to and from the array.

o 3x19 torque balanced Kevlar rope with or without fishbite
resistant plastic jacket. This rope would be used as a strong,
stiff, nearly neutrally buoyant mooring leg.

o Torque balanced electromechanical Kevlar rope, with a number of
conductors and with or without fishbiie resistant jacket.
Probably best used as a power and signal carrying horizontal
cable member and/or mooring leg.

The breaking strength, the immersed weight, and the cost per meter for
various sizes of these cable candidates have been sumnmarized in 'Table
"Comparative Fable of Cable Parameters".

5.1.3. ANCHORS

Because of the array geometry the pull exerted by the
mooring lines on their anchors will have horizontal and vertical components
of approximately equal magnitude. To cope with this difficult anchoring

problem heavy anchors equipped with large flukes have been designed and
successfully deployed. These "porcupine" or "mace" anchors are modular,
consisting of several stacked cylinders of cast iron with steel raked flukes
between each cylindrical slabs (Figure 25). The anchor is of high density
thus reducing the stowage space on deck. Being modular, it is easier to
ship and to assemble and is less expensive to fabricate. The actual size of
the anchors will be determined by the worst case tension obtained from the
computer study.

5.2 PROTOTYPE ARRAY - DESCRIIfION

The following is a description of the prototype array.

Given the lack of specifics on scientific purposes and stability
requirements the selection of the array components may seem arbitrary.
What is proposed here isa sensible, useful, reliable array of predictable

.)
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stability.

BUOYS

The five buoys of the array are 8.5 feet diameter spheres
made of syntactic foam with a density of 32 lbs/cu.ft providing 10,000 1b;
of buoyancy per buoy. This buoyancy, as further evidenced in the (,)m~ut(r
study performed on the prototype array is adequate for good operati-nal
stability.

CABLES

The five buoys are connected to each other and to the
nine anchors by thirteen cables. The four "horizontal" cables and (,ne of
the mooring legs of buoy #1 will have conductors to power the array instru-
ment network. Others are simply used to moor the array in place.

All cables use Kevlar 29 as a strength member in their construction.
They all have a nominal diameter of 0.75 inch and a breaking strength of
45,000 lbs. All cables or portions of cables above the 2000 meter depth
will be jacketed with hard ZYTEL ST801 to an outside diameter of .830 inch.

The construction used is 3x19, that is the ropes are made of three
strands each strand having 19 yarns. The yarns are made of wax impregnated
loosely wound Kevlar filaments. Both yarns and strands use a large lay
length. This combined with the fact that yarns and strands are wound in
opposite directions results in a very strong and well torque-balanced
construction. To ensure tight packing of the strands when the rop, is not
under tension the rope is covered with a braided polyester jacket.

The Kevlar electromechanical cables are of the same 3x19 construction.
insulated conductors are laid in the valleys between strands. These
conductors consist of a coxial cable used for data retrieval and
placed in one valley, the other two valleys being occupied by two pairs of

twisted #10 gauge stranded copper wires. The latter are used to power the
array sensors, one pair acting as a spare.

Figure 26 shows a cross section of the Kevlar electromechanical cable.
Figure 27, a general view of the prototype array, shows where the different
cable types are used.

ANCHORS

Anchoring of the array is provided by nine identical
"porcupine" anchors (see Figure 25). The air weight of the anchor Is
17,500 lbs. The immersed weight of the anchor is 15,000 lbs.

5.3 COMPUTER STUDY

The prototype array with the components just described
was analyzed again using the DESADE program. The modulus of elasticity
used for all Kevlar cables had a realistic value of five million pounds
per square inch (psi). Three current regimes were considered: operational



CROSS SECTION
3x 19 KEVLAR ELECTROMECHANICAL CABLE

S(;AIJGE 10
c~TRANDED -

N~tJQTH~, )Z'iYTEL. ST 801 JACKET

* ( .)AXIA[ CABLE

-BRAIDED POLYESTER COVER

-STRENGTH MEMBERS MADE
OF KEVLAR 29 YARNS

F ILLER

CABLE OUTSIDE DIAMETER =0.890 in

CABLE BREAKING STRENGTH 45,000 lbs

Figure 26
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GENERAL VIEW AND BILL OF MATERIALS
OF CROSS ARRAY U STRUCTURAL COMPONENTS

AI (TYP)

1 14

/

(6) (TYP)

PIECE REQ'D DESCRIPTION LENGTH REMARKS
NO (i)

5 8.5 FT. DIAM. SPHERE,
SYNTACTIC FOAM BUOY

02 4 LENGTH OF 3/4 IN. 5000 LENGTH OF ZYTEL
KEVLAR E/M CABLE COATING =5000 m

1) LENGTH OF 3/4 IN. 6166 LENGTH OF ZYTEL
KEVLAR E/M CABLE COATING =2000 m

(4) 7 LENGTH OF 3/4 IN 6166 LENGTH OF ZYTEL
KEVLAR ROPE COATING=2000m.

(D I LENGTH OF 3/4 IN. 5000 LENGTH OF ZYTEL
KEVLAR ROPE COATING= 1500m

6) 9 17,500 lb. PORCUPINE
CAST IRON ANCHOR

Figure 27



at zero degree from the X axis, operational at 45 degrees Iro, the : a;Y
arlid survival at zero, degrees from the X axis. In the survival rasi* tie
current profile was assumed to be twice as large as; the o.perationaI ore.

As an example of typical results obtained, the cornput.er output f ,r the- first

current regime is reproduced in Appendix A. Results from these three rues

are further discussed in the following section.

5.4 DISCUSSION OF STUDY RE'SULTS

Results from the computer study will confirm, in thior,
at least, how sound the design of the prototype array is.

if properly designed the array should display a reas .nable degret
operational stability and tie components should hjve a reasonablo .rarv n (,t
safety both in the operational and survival modes.

ARRAY STABILITY

The current induced displacements of the five bu .vs

obtained under operational conditions are hereafter tabulated in t ho irsh ,1

previously used.

PROTOTYPE' ARRAY

Current BUOY i,: X Y z I (i VA.
Angle Disp Disp I)isp I)i sp

from X axis

(Degrees) (meters) (meters) (meters) (meters)
( 1 302 0 -137 332

2 305 0 -10 305

3 300 0 +114 321
4 9 -24 -I0 28

5 9 24 -to 28
45 1 189 5 -83 206

2 185 185 -8 262
3 174 5 69 187
4 '5 174 69 187
5 5 190 -84 208

From these results the following connents on the stability of tile prototype
array can be made.

* As expected, the response of the prototype array follows the
pattern previously discussed in Section 4.4. "ase Studies,
Cross Arrays".

* increasing the cables modulus of elasticity from L = 5x10 5 to

E = 5x10 6 will tend to reduce the displacements previously

computed for the 10,000 lb buoyancy "compliant" Cross Array ]I

case study. Increasing the cables diameter from 0.65 to 0.75
inch would however tend to make these displacements larger.

Comparing the two tables of results shows that the combined effect
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of increased E and increased diameter chance the value of
the previously computed displacements by only a sinall amount.

0 In an attempt at quantifying the array operational stability
the following absolute and relative (expressed as a percentage
of bottom depth) minimum and maximum computed displacements
are hereafter presented. All maximum and minimum displacements
occur when the current is in the direction of the X axis except
for the minimum vertical displacement which occurs with the
current at 45" from the X axis.

luoy Absolute Relative
Pos i t i on (meters) (7)

Minimum horizontal Wing 26 .47
Maximum horizontal Center 305 5.55
Minimum vertical* Cerer 8 .15
Maximum vertical Up Current 137 2.50
Minimum total Wing 28 .51
Maximum total Up Current 332 6.04

*Current at 450 from ' axis

l.'inally the mean horizontal, \,crt it.l and total displacienoi of all buoys
a r( found to be:

mean horizontal displacement 188 meters ,,r 3.4'< of depth.
mean vertical displacement = 59 meters or 1.07' ,1 depth.
mean total displacement 206 meter! r '.75 t depth.

PERFORMANCE OF ARRAY COMPONENTS

Buoys. When the array is subjected t,, the survival current
Buoy #1 experiences the largest dip. It plunges fr,)m a no current depth of
500 meters to a depth of 1050 meters. This depth is 450 r:.ters I1 ss than
the maximum working depth of 1500 meters specified for all buy,.s. It thus
appears that the buoys as designed will resist survival c,,nditio,, , With, a

good margin of safety.

Cables. When subjected to the operational current, which in
principle will prevail most of the time, a maximum tension of 8147 lb!;
occurs at the top of the cable anchoring the center buoy to the sea
floor with the current flowing along the X axis. The minimum tension
prevailing at this time occurs at the downcurrent end of the downcurrent
horizontal leg and has a value of 3344 ibs. The corresponding minimum and

maximum cable safety factors are chen 5.3 and 13.5 respectively. Based on

past experience and on manufacturers recommendations a safety factor of 5
should be adequate for Kevlar ropes subjected to long term (years) submerged
static applications.

Under survival conditions the maximum tension increases to 9470 lbs.
The corresponding safety factor is then 4.8 which is still adequate to
prevent creep and rope degradation.
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Anchors. The anchors should provide ample holding p: wer
under all current conditions including survival.

The maximum anchor tension computed under survival conditions was
8559 lbs with a cable angle of 48 degrees from the horizontal. The
horizontal and vertical components of this tension are thus 5727 lbs and
6361 lbs. A conservative value for the holding power of a porcupine anchor
is 1.5. Using this value of holding power and a vertical component of
tension of 6361 Ibs, a porcupine anchor with a 15,000 lb irmnersed weight
could resist a horizontal pull of 12,958 lbs. Under these circumstances
the weight-to-lift ratio is 2.36 and the holding force to horizontal pull
ratio is 2.26. It thus appears that 15,000 lbs wet weight porcupine
anchors would safely hold the array in place.

6.0 DEPLOYMENT/SERVICING

6. 1 ARRAY DEPLOYMENT

6.1.1 LOGISTIC CONSIDERATIONS

The deployment of deep ocean arrays requires a
high capability vessel. It must be able to lift and ease overboard loads
ranging from ten to twenty thousand pounds. It must have a winch with
sufficient wire to reach the bottom and capable of handling heavy anchors.
it must be highly maneuverable and able to maintain station during
deployment operations.

The vessel must be equipped with computer faciliLies which can be
tied into a bottom-mounted acoustic transponder network.

A workboat will be required for certain operations during deployment.

Implanting Cross Array II as hereafter outlined will require approx-
imately three days. It is of the utmost importance to schedule the deploy-
ment at a time where good weather and calm seas will most likely prevail.

6.1.2 SITE SURVEY AND PREPARATION

Prior to the installation of the array the selected
site must be thoroughly surveyed. Bathymetric soundings must be made with
close grid spacing. Information on currents should be obtained using
dropsonde and vessel drift data. A network of bottom mounted acoustic
transponders must be set in place and surveyed in. A temporary taut surface
mooring (Tl) should be set at anchor position A10.

6.t.3 DEPLOYMENT SCENARIO

Figure 28 shows the anchor, cable, and buoy numbers
referred to in the Cross Array 11 deployment scenario. Figures29 through 33
show i view looking down on the array during various stages of the deployment
operation. The specific activities for each phase are listed on each figure.

5.
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A8 DEPLOYMENT SCENARIO
PHASE I

C8

B5

C 12 A10

Cll T 1 2km

B2 I . SET TOROID Ti AT ANCHOR

POS. AlO
2. LAUNCH BUOY B2
3. ATTACH C12 TO B2- PAYOUT
4. ATTACH B5
5. PAYOUT CS
6. LOWER ANCHOR A8 TO POS. 8
7. REPEAT WITH C13, B4, C3

B4 8. LOWER A3 TO POSITION 3
9. ATTACH Cil TO B2 AND PAYOUT

C3 10. ATTACH TO TOROID Ti

A3 NOTE: CROSS-HATCHED BUOYS
ARE ON THE SURFACE.

Figure 29
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PIIASE 1. The workboat is launched first. The ce: ter
Buoy I2 is then put overboard and cable C12 attached to it. 'li vIssel
then proceeds toward anchor location A8 while paying out the cable.
l)urini, this time the workboat should hold Buoy B2 in posit ion. Whenl tin-
end of C212 is reached Buoy B5 is attached Lo CI2, cable C8 is atLached
to 115, and B5 is put overboard. The vessel then proceeds Lowards anchor
position A8 paying out C8. When the end of C8 is reached the anchor A8 is
attached to C8 and lowered to the sea floor using the ship's crown line.
A transpondin,, acoustic release is inserted between the anchor and the
end of the crown line. The transponder is used to obtain ranges from the
anchor to the vessel and to the bottom mounted transponders. With this
information the anchor can be lowered to its precise location by controlling
the winch payout rate and the vessel position. When the anchor has reached
its location the acoustic release is fired and the crown line recovered.
The vessel then returns to Buoy B2, attached cable C13 to the buoy, deploys
Cl3 and attaches buoy B4 at its end. Cable C3 is then attached to B4, and
B4 is put overboard. The vessel then deploys C3, attaches the anchor A3
at the end of C3, and lowers A3 to its prescribed location again using the

crown line. At this time Buoys B5, B2, B4 are all on the surface, as
showln in Figure 28 (buoys on the surface are shown cross hatched).

At Lr deployllient of anclho r A3, the vessel hauls back the cr,,wn I inc
Anld procee'ds back to Buoy 12. It Lhen attaches cable CI I to this Iuy,
pa s C I out whi Ie st taming towards the surface miiorin m, linoy TI. It then
I,.v ,,r~rily ,itt.acl s Lith end of CI1 to TI.

PIIASI.: 2. '[he next phase involves settiLng hiPy I01 ;jnd its
Lwo anchoring I ines Cl and C2, and deploying cable CIO between buoys I,,1 and
R2. The step-by-step procedure is summnarized in Figure 29.

PHASE 3. Phase 3 consists in setting the center Buoy B2
in position. The steps involved are shown in Figure 30. At the end of
Phase 3 Buoys B1 and B2 are insLalled.

IIIASE 4. In Phase 4 the second anchoring Lines of end
buoys B4 and B5 are deployed and their anchors set in place following the
steps shown in Figure 31. With the completion of this phase, four out of
the five buoys of the array are installed.

PHASE 5. Phase 5 completes the array deployment. Figure
32 shows the deployed array after CIl has been removed from the surface

ii,,oring buoy, attached to Buoy 1'3 and the anchors at-tached to C5 and C6
Iowcred into posiLion. All buoys are now 500 meters below the surface.

'lhe temporary mooring TI and the acoustic transponder mooring are
next recovered. This completes the deployment procedure.

6.2 ARRAY SERVICING

0. 2. 1 lOWER I NG THE ARRAY

Instruments withiinithe array may be self-cintained
with intcl nal Iha Itries for power or they may be powered from the array.
Ii the latter case two schemes are considered. In the first, shown in
Figure 34, the power supply is set on the bottom near the array and theI

L ... ...... .. i I
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power line connects to one leg. The power source is visualized ais ,.r i

a five year life using radio-isL)tOpes for power generation.

Tihe second scihenme uses a power source which will last for on( ye tr. It
i 1,,cated in a service subsurface buoy which is at tacled to a cable
feeding one leg of the array, Figure 35. The power source can be replaced
by bringing the subsurface buoy to the surface.

The power leg and all horizontal elements of the array contain p,,wer
conductors and a signal cable. Array elements connect together at Lhe
buoys using special electromechanical connectors. Breakouts are prolvided
along each horizontal cable for the attachment and powering of ins truents.

6.2.2 METHODS OF DATA STORAGE AND RETRIEVAL

Autonomous instruments will record their own data
internally. The instrument must be recovered in order to obtain the data.

On the other hand instruments may be connected into the cable to botkh
obtain power and to communicate data to a central data processing and storage
unit. Figures 34 and 35 show schemes for data storage and readout. In both
insLances the data can be read out from the subsurface buoy by :1 rildi(,
t100 eero try buoy link or by using an optical system wherein a subfier ai l.
conects up to the subsurface buoy and dumps the data at a I Igh ral . In
the scheme using the' service subsurface buoy tLe data t;ipes can be rec,'vered
when the buoy is brought to the surface.

6.2.3 MODES OF SERVICING;

a. Submersibles. Instruments can be removed or replaced
from the array using an unmanned or manned submersible. A submersible can
best handle a package which is small and nearly neutrally buoyant. A
tethered vehicle could be adapted for this service. A submersible could
also be used to read out stored data from a subsurface buoy as mentioned
above. The vehicle can make periodic inspections of the array to observe

corrosion, fouling, strumming and other mechanical aspects of its operation.

b. Surface Ship. A surface ship will be required to
replace the power supply and to obtain the data tapes for the system shown
in Figure 35. The service subsurface buoy in this configuration c(,ntains
the power supply and data storage which must be replaced yearly. in order
to service the array the surface vessel must first fire the acoustic release
below the service subsurface buoy. This permits the leg to fall ti, tIhe
bottom causing the buoy to rise to the surface. The vessel should then take
tihe buoy aboard, holding position accurately a ad attach ia replaceniri nt Ihuy
t, the array power.data line. A new outboard le, should be attached I,, tie
replacement acoustic releases. The buoy is then put overboard and the
vessel steams away from the array paying out this leg. A new anchor !ihiuld
be attached at the end. The vessels crown line and an acoustic release shri1,1d
then be attached to the anchor which is put overboard and lowered to Ihe
bt tom to its anchor position. This anchor position will be deterwi nd by the
depth of the service subsurface buoy. The acoustic release at the end (at
the crown tine is then fired and the line retrieved.

sho
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SERVICE SUBSURFACE BUOY
W/I YR POWER SUPPLY
8 DATA STORAGE

ACOUSTIC
RELEASES

SELF-RECORD ING

WIRE
ROPE

Ii POWER/DATA

/ LINE FLOATS

ARRAY DEPLOYED

FOR FIVE YEARS KEVLAR
ROPE .

-ARRAY SERVICE SCHEME U - WITH ONE YEAR POWER

SUPPLY AND DATA STORAGE IN SUBSURFACE BUOY.

ANCHOR

Figure 35
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7.0 COST E'STIMATE OF PROTOTYI'' ARRAY COMPONENTS

The fol lowing is an estimate of tie cost in 198() dl lars ,f
the prototype array structural components. The estimatev is based ,il.
quotations provided by manufacturers and/or on extrapolati on Of bardw;.rc
known prices. The estimate does not include the cost of the 1Yttol, ct,tw L-
nor th, cost of tile service subsurface buoy and its anchring I ina-(.'5
Cost oI array deployment is also iot included.

't co st breakdown of the prototype array components is hereafter tabulated.

ITEM REQU I REtD DESCR] P'TI ON PRICE I( IA!.
EACII
($1000)

1 5 8.5 ft Diameter Syntactic 65 325
Foam Buoy

2 4 5000 meters of ZYTEL coated 49.25 197

E/M Kevlar cable
3 1 6160 Meters of E/M Kevlar cable

(2000 meters ZYTEL coated) 60.6 60.6

4 7 6106 Meters of IKevlar rope 46.5 323.,
(2000 meters ZYTEL coated)

5 1 5000 meters of Kevlar rope 36.6 )6.0
(1500 meters ZYTEL coated)

6 17,500 lbs Porcupine Cast Iron 4.5 40.5
Anchors

Thus the cost of tile prototype array comnponents is estimated aL 985.(00(
(1980) U. S. dollars.

8.0 CONCLUSION

It appears feasible to design and deploy large cable structures
in deep oceanic basins. These cable arrays can be instrumented to perform
a large variety of oceanographic measurements. Proper selection of array
structural components will insure a five year working life. Schemes can be
devised to power and service ouch a cable array using an auxiliary ,mOrin;.

Many array configurations have been considered in this report. I(,
candidate withL good stability characteristics and good scientit ic ptt'11ial
was retained for further analysis. A detail design of this prototype array
was made and its operational effectiveness and its component cost were
evaluated. Methods of array installation and servicing were outlintd in
detai .

Definite specifications as to array objectives and stab lity tolerances
would be requfred to design a finely tuned array. The possibility of using
two stable arrays spaced a few hundred kilometers apart is an initteresti t, on,.
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